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ABSTRACT 

Neural stem cells (NSCs) were recently revealed to exist in the hypothalamus of adult mice. Here, following our observation showing that a partial 
loss of hypothalamic NSCs caused weight gain and glucose intolerance, we studied if NSCs-based cell therapy could be developed to control these 
disorders. While hypothalamus-implanted NSCs failed to survive in mice with obesity, NF-kB inhibition induced survival and neurogenesis of these 
cells, leading to effects in counteracting obesity and glucose intolerance. To generate an alternative cell source, we revealed that iPS-derived NSCs 
were converted into htNSCs by neuropeptide treatment. Of note, obesity condition potentiated the transfer of carotid artery-injected NSCs into the 
hypothalamus. These iPS-derived cells when engineered with NF-kB inhibition were also effective in reducing obesity and glucose intolerance, and 
neurogenesis towards POMCergic and GABAergic lineages was accountable. In conclusion, building NSCs in the hypothalamus represents a strategy 
for controlling obesity and glucose disorders. 

© 2014 The Authors. Published by Elsevier GmbH. All rights reserved. 
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1. INTRODUCTION 

Feeding, body weight and glucose balance are regulated by the 
mediobasal hypothalamus (MBH) in the central nervous system (CNS), 
and this regulation is mediated importantly by melanocortin signals from 
the arcuate nucleus (ARC), in particular anorexigenic proopiomelano- 
cortin (POMC) neurons and orexigenic agouti-related peptide (AGRP) 
neurons [1-6]. These two neuronal types are sensitively and dynamically 
affected by systemic hormones such as leptin and insulin which 
fluctuate according to feeding and fat mass conditions, and this process 
is physiologically critical for maintaining body weight homeostasis [1-7]. 
However, when chronically challenged under high-fat diet (HFD) 
condition, these neurons reduce the responsiveness to leptin and 
insulin, and these changes contribute to the mechanism of HFD- 
induced obesity and type-2 diabetes (T2D) [1-7]. In addition to these 
signaling changes, research during recent years has begun to show that 
hypothalamic neural organization and neuronal numbers are altered 
under chronic HFD feeding [8-10]. For example, it was revealed that 
prolonged HFD feeding leads to a fractional loss (~10%) in POMC 
neurons in the hypothalamus [10-12]. Intriguingly, Pome gene expres- 
sion is known to be divergently regulated [13,14], and was shown to be 
present in neural precursors which give rise to various neuronal types 
[15]. In relation to this background, we have been interested in 
understanding if impaired hypothalamic neurogenesis might play a role 
in the development of HFD-induced obesity. In agreement with this idea, 
several evidences were recently documented to indicate that the 



hypothalamus of adult rodents has neurogenesis [16-21]. We showed 
that the MBH contain adult hypothalamic NSCs (htNSCs), and these cells 
appear to be involved in the hypothalamic control of metabolic 
physiology [11]. Herein, we extended to study if htNSCs could be 
developed to treat obesity and related glucose disorders, and if so, what 
technological approaches could be introduced to promote the practical 
employment of this technique. 



2. RESULTS 

2.1 . Partial loss of htNSCs leads to weight gain and glucose intolerance 
We recently showed that dietary obesity is associated with impaired 
survival and neurogenesis of htNSCs [11]. In this context, we studied if 
htNSCs could be developed to treat or prevent against obesity and 
related metabolic disorders. We first tested if a loss of endogenous 
htNSCs in mice could be sufficient to lead to these metabolic disorders. 
To do so, we generated a mouse model with adult-onset ablation of 
dividing Sox2-positive htNSCs in the MBH. Briefly, adult C57BL/6 mice 
received MBH injection of lentiviruses expressing Sox2 promoter-driven 
Herpes simplex virus type-1 thymidine kinase (Hsv1-TK), a kinase that 
works to convert a nontoxic nucleoside analog, ganciclovir (GCV), into 
the toxic product which acts as a chain terminator during DNA 
replication and therefore kills dividing Sox2-positive cells [22-25]. 
Injection of matched control lentiviruses was performed in control mice 
for comparison. All these mice were then chronically treated with GCV to 



*This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works License, which permits non-commercial use, 
distribution, and reproduction in any medium, provided the original author and source are credited. 

Department of Molecular Pharmacology, Albert Einstein College of Medicine, USA ' Diabetes Research Center, Albert Einstein College of Medicine, USA 'Institute of Aging, Albert Einstein College of Medicine, 
USA 

"Corresponding author at: Department of Molecular Pharmacology, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461, USA, Tel.: +1 718 430 2426; fax: +1 718 430 2433, 
Email: dongsheng.cai@einstein.yu.edu (D. Cai) 

Received December 21, 2013 • Revision received January 16, 2014 • Accepted January 19, 2014 • Available online 4 February 2014 
http://dx.doi.Org/1 0,1 01 6/j,molmet,201 4,01 .01 2 



MOLECULAR METABOLISM 3 (2014) 313-324 © 2014 The Authors. Published by Elsevier GmbH. All rights reserved, www.molecularmetabolism.com 



313 



Original article 



induce Hsv1-TK/GCV-mediated ablation of Sox2-positive htNSCs, and as 
assessed in Figure S1A and B, 3-month GCV treatment resulted in a 
partial loss of htNSCs in the ARC. Using this model, we studied if such a 
loss of htNSCs could affect the population of POMC cells in the 
hypothalamus, since POMC neurons were recently shown to undergo 
constant although slow-speed turnover [10,1 1]. Data revealed that there 
was ~10% reduction in POMC cells over a 4-month follow-up period in 
our model (Figure S1C). Through physiological profiling, we observed 
that these mice displayed a collection of metabolic disorders, including 
glucose intolerance, hyperinsulinemia, increased food intake and 
moderate weight gain (Figure S2). Thus, these data indicate that adult 
htNSCs play a significant role in body weight and glucose control, 
supporting us to study if htNSCs therapy could be developed to control 
related diseases. 

2.2. htNSCs fail to survive under HFD-altered hypothalamic 
microenvironment 

Subsequently, we investigated if exogenous htNSCs could be implanted 
into the MBH of mice to control HFD-induced obesity and related glucose 
disorders. To do so, we employed a line of htNSCs which we recently 
established [11]; in order to track htNSCs-induced neurogenesis, GFP 
was introduced into this cell line via lentiviral infection (Figure 1 A and B), 
similarly as we performed previously [11], and we also verified the stem 
cell identify of these cells using immunostaining for a NSC marker 
(Figure 1B). For hypothalamic implantation, we targeted the MBH for cell 
injection shown in Figure 1 C, given that the MBH is the hypothalamic 
region that is enriched with htNSCs. However, when these cells were 
injected in mice which underwent the development of HFD-induced 
obesity, this trial was unsuccessful, because implanted htNSCs survived 
poorly in the hypothalamic microenvironment of these HFD-fed mice. As 
shown in Figure 1D and E, the survival rate of implanted htNSCs 
decreased at Day 7, and then became undetectable at Days 15-30 post- 
injection. In contrast to HFD-fed mice, much better survival rate of these 
cells was seen when we implanted them into the MBH of chow-fed normal 
mice (Figure 1E). This data further supported that the hypothalamic 
microenvironment is altered under the condition of chronic HFD feeding to 
a level which was hostile for the survival of htNSCs. Thus, it is necessary to 
engineer htNSCs to increase the hypothalamic survival of these cells, in 
order to evaluate the potential of htNSCs-based cell therapy in treating 
overnutrition-related diseases such as obesity and T2D. 

2.3. NF-kB inhibition promotes survival and neurogenesis of implanted 
htNSCs 

According to the literature, chronic HFD feeding induces hypothalamic 
inflammation [26,27], and the proinflammatory pathway consisting of 
nuclear factor-KB (NF-kB) and its upstream IkB kinase-p (IKKfi) is a key 
mediator that links hypothalamic inflammation to disease outcomes 
[28-32]. Because obesity-associated hypothalamic IKK|3/NF-kB activa- 
tion was known to disrupt htNSCs [11], we asked if NF-kB inhibition 
could help in vivo survival of implanted htNSCs. To test this idea, we 
used a line of htNSCs that was engineered with NF-kB inhibition, 
generated via lentiviral induction of dominant-negative kBa ( DN kBa- 
htNSCs) (Figure 1A and B), and htNSCs containing lentiviral GFP (Con- 
htNSCs) were used as matched controls. We noted that compared to 
control cells, DN lKBa-htNSCs showed more neural branches, while their 
sternness remained as verified with immunostaining (Figure 1B). We 
implanted these cells into the MBH of mice under HFD feeding condition. 
Strikingly, survival rate of implanted DN lKBa-htNSCs increased drama- 
tically, as we observed that ~40% of these cells survived at 
Day 30, at which we did not detect Con-htNSCs. In addition to survival 



success, implanted kBoc-htNSCs migrated and generated projections, 
implicating that these cells underwent neurogenesis and interactions 
with host hypothalamic cells. Then, we directly examined if NF-kB 
inhibition could promote neural differentiation of implanted htNSCs. Data 
revealed that while some implanted cells maintained stem cell identity 
(Figure 2A), 1 6% of these cells became to express NeuN (Figure 2B) at 
~1 month post-implantation. Immunostaining data further revealed that 
a number of Df VBa-htNSCs differentiated into cells which expressed 
POMC in chow-fed mice, and this effect was preserved under HFD 
feeding (Figure 2C and D). Thus, while chronic HFD feeding led to a loss 
in hypothalamic POMC cells, just as consistently shown in recent 
literature [10-12], this loss was amended by DN lKBa-htNSCs-induced 
neurogenesis (Figure 2D). In addition, we found that leptin signaling was 
induced in some of DN lKBoc-htNSCs-derived neural cells (Figure S3A), 
resulting in a restoration of leptin-induced feeding control in HFD-fed 
mice (Figure S3B). Altogether, NF-kB inhibition represents a solution for 
htNSCs to survive from HFD feeding-altered hypothalamic microenvironment. 

2.4. Implanting NF-KB-inhibited htNSCs counteracts obesity and 
glucose disorder 

While physiological implications of htNSCs implantation could be 
multiple, here we studied if it could exert an effect in counteracting 
HFD-induced metabolic disorders. For comparison, we included normal 
chow-fed mice as a dietary control in the study, and found that 
hypothalamic implantation of DN lKB<x-htNSCs or Con-htNSCs did not 
affect the normal metabolic profiles of these mice, including body weight 
(Figure 2E), food intake (Figure 2F) and blood insulin levels (Figure S6C). 
Importantly, implantation of DN lKBa-htNSCs exerted significant effects in 
reducing body weight (Figure 2E), food intake (Figure 2F), glucose 
intolerance (Figure 2G) and blood insulin levels (Figure S4C) in HFD-fed 
mice. Body weight reduction in mice by DN lKB<x-htNSCs was attributed 
specifically to fat loss (Figure S4A and B), further supporting the 
conclusion that the treatment provided an anti-obesity effect. In contrast, 
these metabolic effects were not produced by implanting Con-htNSCs 
(Figures 2E-G and S4C), which is consistent with the fact that these 
cells did not survive in HFD-fed mice. We also included vehicle injection 
in HFD-fed mice to provide a basal control, and data showed that the 
metabolic effects of injecting vehicle and Con-htNSCs were both 
negligible (Figure S5), again showing that NF-kB inhibition is necessary 
for the observed effects of htNSCs-based therapy. Overall, these effects 
of DN lKBa-htNSCs aligned with the data showing that implanted dn IkB<x- 
htNSCs amended the loss of POMC cells in the hypothalamus in HFD-fed 
mice (Figure 2D). And these effects were also in agreement with the 
observation demonstrating that some of DN kBa-htNSCs-derived cells 
responded to leptin (Figure S3). Based on these data, we concluded that 
introduction of htNSCs can work as a strategy for controlling obesity and 
related glucose disorders, and NF-kB inhibition is critical for success of 
this strategy. 

2.5. Development of htNSCs phenotype by using iPS-derived NSCs 
One of important goals in this research was to develop a strategy of 
htNSCs-based cell therapy that can be applicable for human diseases, 
and since it is unrealistic to collect endogenous human htNSCs, we 
explored if we could employ inducible pluripotent stem cells (iPS), a 
model of re-programmed stem cells [33]. Using a protocol established in 
the literature [34], we successfully induced NSCs from a line of mouse 
iPS, referred to as NSCs lPS (Figure 3A), as verified by our data showing 
that NSCs lPS expressed NSC markers Sox2 and nestin (Figure 3B). 
Also, just like native htNSCs, NSCs lPS differentiated into three neural 
lineages, including Tuj-1 -expressing neurons, GFAP-expressing astrocytes 
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Figure 1: Survival of hypothalamic implanted htNSCs engineered with NF-kB inhibition. Cell lines ot Con-htNSCs (Con) and iKBa-htNSCs (kBa) were generated through lentiviral induction 
(A), examined for sternness and morphology via GFP and immunostaining of a NSC marker (B), and injected bilaterally in the MBH of HFD-fed vs. chow-fed male C57BL/6 mice (C-E). Images 
show technical success of delivering cells in the MBH at Day 3 post-injection (C), and longitudinal follow-up of indicated htNSCs in the MBH of HFD-fed mice (D). DAPI staining reveals nuclei of all 
cells in the sections. Scale bar=50 \im. Curves show longitudinal survival of htNSCs in HFD- vs. chow-fed mice (E). 'P< 0.05, "P< 0.01 (compared to matched time points in the group of 
Con, chow), n=4-6 mice per group. Error bars reflect means + s.e.m. 



and 04-expressing oligodendrocytes (Figure 3C). Interestingly, we found 
that implanted NSCs lPS in the MBH not only underwent neurogenesis 
(Figure S6A) but led to generation of POMC cells (Figure S6B). We 
speculated that hypothalamic microenvironment might provide necessary 
molecular stimuli to program NSCs lPS into htNSCs. To test this idea, we 
studied if treatment with hypothalamic neuropeptides could induce the 
differentiation of NSCs iPS into htNSCs. As established in the literature [35], 
ventral hypothalamic neurons are derived from embryonic NSCs, a process 



that is directed by hypothalamic programming involving gene upregulation 
of Nkx2. 1, Six3 and Vax1, and downregulation of Pax6 in NSCs. Indeed, 
we observed that native htNSCs were characterized by increased levels 
in Nkx2.1, Six3 and Vax1, but decreased levels in Pax6 and Rax 
(Figure 3D). Intriguingly, this pattern of gene expression in htNSCs was 
reproduced in NSCs lPS through treatment with neuropeptide Y (NPY), 
but not other hypothalamic neuropeptides like a-MSH or cocaine/amph- 
etamine-regulated transcript (CART). We also examined brain-derived 
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Figure 2: Neurogenesis and metabolic effects of implanting NF-KB-inhibited htNSCs. Dissociated DN lKBa-htNSCs (kBa) vs. Con-htNSCs (Con) were injected in the MBH of chow- vs. HFD-fed 
C57BL/6 mice, examined for sternness and neurogenesis of htNSCs at ~1 month post-injection via immunostaining of Sox2 (A-C), NeuN (B) and a-MSH (C), and effects of injected 
htNSCs on metabolic physiology (E-G). Histological data in A-D show MBH sections from HFD-fed mice injected with DN kBa-htNSCs (A-C), and counting of endogenous (white bars) vs. 
exogenous htNSCs-derived (black, blue, red and green bars) POMC cells (D). Bar=50 urn. Physiological data show body weight (E), food intake (F) and GTT (G) obtained at indicated days (E) or 
2-3 months post-implantation (F G). "P< 0.05, "~P< 0.01 , ""P< 0.001 , compared between indicated exogenous cells (D) or compared to HFD-fed controls at matched time points (E, G), 
n=4 (D) and 5-6 (E-G) per group. Error bars reflect means + s.e.m 



neurotrphic factor (BDNF), a neuropeptide that can promote brain 
neurogenesis [36], and found that conversion of NSCs lPS into htNSCs 
was further promoted by NPY and BDNF co-treatment (Figure 3D). Using 
immunostaining, we confirmed that while NPY treatment increased 
differentiation of NSCs lPS into Six3-expressing and Vax1 -expressing 
cells, these effects increased when BDNF was added to the treatment 



(Figure 3E). Finally, since a fundamental role of hypothalamic neurogen- 
esis is to generate cells that produce hypothalamic neuropeptides, we 
examined if this potential could be induced in the model NPY/BDNF- 
treated NSCs lPS . Data showed that, compared to native htNSCs, which 
can indeed be differentiated to produce Agrp, Pome and Cart mRNAs, 
these changes were similarly produced in NPY/BDNF-treated NSCs lPS 
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Figure 3: NSCs derived from iPS and conversion into htNSCs phenotype. Model of iPS-derived NSCs (NSCs lPS ) was generated from iPS-derived embryoid bodies (A), verified via neurosphere 
staining of Sox2 and nestin (B), and assessed for differentiation via Tuj-1 , GFAP and 04 immunostaining (C) and programming under neuropeptide treatment (D-F). D-F: NSCs lPS treated with 
neuropeptides including a-MSH, CART, NPY, or NPY and BDNF (NPY+B) were examined for induction of htNSCs-specific markers via quantitative PCR (D) and immunostaining (E), or subjected to 
differentiation followed by measurement of hypothalamic neuropeptide gene expression (F). Vehicle treatment was used to provide baseline levels profiles of various parameters. Native htNSCs under 
basal condition were Included to provide positive controls. E: Bar=50 urn, and Six3- and Vax1 -positive cells were counted in lower panels. "P< 0.05, "P< 0.01, "'P< 10~ 3 , n=4 per group. 
Error bars reflect means + s,e,m. 
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(Figure 3F). Altogether, these data suggest that hypothalamic neuropep- 
tides have important actions in programming naive NSCs towards 
htNSCs. 

2.6. Obesity potentiates MBH penetration of carotid artery-injected 
NSCs 

Following the in vitro studies in Figure 3, we tested if iPS-derived NSCs 
could be used to induce hypothalamic neurogenesis; however, just like 
htNSCs, NSCs lPS also showed poor survival when injected in the MBH of 
mice with HFD-induced obesity. We then examined if this defect could 
be prevented when NF-kB inhibition was induced in these cells, and to 
do so, we generated a line of NSCs lPS with lentiviral induction of dn IkB(x 
(GFP-conjugated), referred to as DN lKBa-NSCs iPS , and the control cell 
line was generated through lentiviral induction of GFP, termed Con- 
NSCs lPS . Both of these cell lines were confirmed for sternness through 
immunostaining (Figure 4A), and we also noted that dn IkB<x-NSCs iPS 
displayed more neural branches than control cells. Using this model, we 
studied if DN lKB<x-NSCs iPS could be delivered to treat obesity in HFD-fed 
mice, and to increase the application value, we studied if carotid artery 
injection could be used instead, since this method has been adopted in 
research to deliver NSCs into the brain of rodents when the vascular 
system of the brain was altered [37,38]. It is worth mentioning that the 
blood-brain barrier (BBB) in the MBH of mice is incomplete in normal 
condition, and becomes more leaky under conditions of obesity or 
diabetes [12,39], making it possible for the artery-injected cells to 
penetrate into the MBH. To take this feature into account, we first 
induced obesity in mice via ~ 4-month HFD feeding, and then injected 
DN kBa-NSCs lPS into these mice via carotid artery. Excitingly, GFP- 
labeled cells were significantly found in the MBH of these HFD-fed mice 
(Figure 4B). In this context, we further confirmed that dn IkB(x-NSCs iPS 
underwent neurogenesis (Figure 4C) and led to new generation of POMC 
cells in the MBH (Figure 4D and E). In contrast, when carotid artery 
injection was performed in chow-fed mice, penetration of GFP-labeled 
cells into the MBH was not obvious, further implicating that the pre- 
existing condition of obesity can potentiate the mediobasal hypothalamic 
entry of carotid artery-injected NSCs. 

2.7. Therapeutic effects of carotid artery-delivered NSCs 

As described in Figure 4, HFD-fed mice were injected with dn IkB(x- 
NSCs lPS via carotid artery, and for the control, we injected Con-NSCs lPS 
in matched HFD-fed mice. In the control group, Con-NSCs lPS failed to 
survive, and thus as expectedly, we did not see an anti-obesity effect. 
However, delivery of DN kBa-NSCs iPS led to ~30% decrease in HFD 
intake (Figure 5A), and this feeding control was associated with a 
moderate effect in weight reduction which lasted although only a short 
period (Figure 5B). When mice continued to be fed on the HFD for long 
period, the anti-obesity therapeutic effect of dn IkBoc-NSCs iPS declined 
and diminished; however, the extent of weight gain in these mice under 
HFD feeding was much less substantial, compared to the levels of 
weight gain in control mice (Figure 5B). We also examined if 
hypothalamic leptin resistance, a key event in HFD-induced obesity 
and T2D, could be reduced by this cell therapy in these mice. Data 
showed that while control mice showed impaired action of leptin in 
suppressing food intake over 24-h experimental period, the effect of 
leptin in controlling feeding was significantly restored in mice treated 
with DN lKBa-NSCs iPS (Figure 5C). Furthermore, consistent with the 
effects on feeding and weight control, treatment with dn IkB(x-NSCs iPS 
led to improved glucose tolerance in HFD-fed mice (Figure 5D). In 
summary, NSCs lPS can be developed as a practical source of cells for 



controlling obesity and glucose disorders, and artery injection as a 
delivery approach. 

2.8. Metabolic effects of NSCs mechanistically via neurogenesis 
Supported by the potential application value of NSCs lPS , we further 
studied how these cells could work to generate metabolic effects in 
mice. In addition to the actions of these cells in inducing neuropeptides 
(Figure 3F), we investigated if neurotransmitter pathway(s) could be 
introduced by neurogenesis of these cells. Thus, for the experiment 
described in Figure 3F, we further analyzed molecules in GABAergic 
and glutamatergic pathways, including glutamic acid decarboxylase 
67 (GAD67) and GAD65 (encoded by Gad1 and Gad2, respectively), 
vesicular GABA transporter (vGAT, encoded by Slc32a1), vesicular gluta- 
mate transporters 2 (vGLUT2, encoded by Slc17a6), and glial glutamate 
transporter 1 (GLT-1, encoded by Slc1a2). First, using differentiated 
htNSCs as positive control, we found a pattern of changes in GABAergic 
pathway, including increases in Gad1 and Slc32a1 mRNA levels but a 
decrease in Gad2 mRNA levels (Figure 6A). Molecules in glutamatergic 
pathway also changed, including Slc1a2 and Scl17a6 mRNA levels, but 
to a lesser degree compared to changes in Slc32a1 mRNA levels 
(Figure 6A). Interestingly, when treated with NPY and BDNF, differ- 
entiated NSCs lPS showed similar molecular changes in GABAergic and 
glutamatergic pathways (Figure 6A). In this background, we then asked 
if the metabolic effects of DN lKBct-NSCs iPS were attributed to a 
neuropeptide or a neurotransmitter or both. To address this question, 
we designed a "rescue" experiment that is illustrated in Figure 6B; in 
this study, we used lentiviral RNAi to knockdown various neuropeptides 
or neurotransmitter-regulatory molecules in dn IkBc(-NSCs iPS , and then 
implanted these cells into the MBH of HFD-fed mice. Data revealed that 
the metabolic effects of dn IkB(x-NSCs iPS in feeding, body weight and 
glucose tolerance were abrogated by ablation of either Pome or Gad67 
(Figure 6C-E). Therefore, NSCs-derived neural cells can lead to at least 
two different types of differentiated neural cells which express Pome 
and Gad67, respectively, and these cell types can work together to 
co-mediate the therapeutic effects of NSCs (Figure 6F), a model which 
is in agreement with the understanding [40] that GABAergic neurons 
and POMC neurons may have independent actions in regulating body 
weight. 



3. DISCUSSION 

Adult NSCs are a small population of cells with slow dividing rate in the 
brain [41], and because of this feature, it remains largely unclear 
regarding the potential physiological role of these cells. More recent 
in vitro and in vivo studies suggested that the hypothalamus is a brain 
region that contains adult NSCs [10,11,17,18,42]. In the current work, 
using site-specific ablation of htNSCs in the mediobasal hypothalamus 
of adult mice, we found that these animals developed overeating, weight 
gain and glucose intolerance, a collection of disorders which can be 
similarly induced by chronic HFD feeding. As this defect of htNSCs was 
recently revealed as a neurodegenerative basis for obesity and pre- 
diabetes [10-12], htNSCs-based cell therapy may have a potential as a 
long-term solution for these metabolic diseases, which can fix the 
involved central dysregulation in a comprehensive manner which may 
not be offered by a drug chemical which often targets a specific 
signaling cascade. Indeed, recent research in neuroscience has begun 
to suggest that NSCs have therapeutic potential for treating neurological 
diseases [43-47]. In this background, here we studied if htNSCs-based 
therapy could be developed to control obesity and metabolic diseases. 
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and hypothalamic neurogenesis at ~3 months post-injection via immunostaining of NeuN (C) and POMC (D, E). Bar graphs show counting of endogenous cells (white bars) vs. exogenous NSC - 
derived cells (black, blue, red and green bars) that expressed POMC (E). "P< 0.05, "P< 0.01 , "*P< 0.001 , (comparisons between the columns of exogenous cells), n=4 mice per group. 
Error bars reflect means + s.e.m. Scale bar=50 u.m (A, B) and 25 urn (C). 



However, we found that hypothalamic microenvironment of obesity condition 
is hostile for implanted htNSCs, and this condition leads to poor survival and 
neurogenesis of these cells. To solve this problem, we discovered that 
engineering of NSCs with NF-kB inhibition renders implanted htNSCs to 
survive and undergo neurogenesis under obesity condition. This success is 
related to the fact that obesity is closely associated with hypothalamic 
inflammation [26,27], and NF-kB inhibition is strongly counter-inflammatory 
and thereby protects implanted htNSCs from being disrupted by hypotha- 
lamic inflammation [11]. According to our recent understandings, we also 
reasoned that NF-kB in neurogenesis engages a programmatic switch from 
neuronal genesis to gliogenesis, a process which can be similarly induced by 
Notch pathway [48], and agreeably, our recent work has demonstrated that 
Notch pathway is responsible for the role of NF-kB in NSCs-induced 



neurogenesis [11]. Interestingly, obesity-related hypothalamic inflammation 
was recently shown to be associated with gliosis [1 2], and thus, if NF-kB- 
inhibited htNSCs can be provided to mediate programmatic switch, this 
treatment may lead to suppression in gliosis and therefore improvement of 
hypothalamic functions from another biological perspective. 
In this research, we also considered that it is unrealistic to obtain human 
htNSCs for an application. To address this limitation, we explored if iPS 
could be used as an alternative source for generating NSCs. Indeed, we 
successfully derived NSCs from iPS, and further found that conversion of 
iPS-derived NSCs into htNSCs was induced by treatment with NPY and 
BDNF. Moreover, survival and neurogenesis of iPS-derived NSCs were 
improved by NF-kB inhibition to induce protective effects against obesity 
and glucose intolerance. Hence, iPS-derived NSCs have a potential for 
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Figure 5: Metabolic effects from artery injection of NF-icB-inhibited NSC |PS Male C57BU6 mice were induced to develop dietary obesity through 3-month HFD feeding, and then received intra- 
carotid artery injection of 2 x 1 0 5 dn IkBcx-NSC iPS (lKBa lPS , IkBci) or Con-NSC lPS (Con lPS , Con). Mice continued to be maintained on the HFD for the entire experiment. Data show food intake (A), 
body weight (B), and leptin-induced feeding inhibition in response to an Lav. injection of 5 u.g leptin (Lep,J_) vs. vehicle (Veh, V) following 6-h fasting (C), and blood glucose levels during GTT (D). 
Data were obtained at the indicated weeks (W) (A, B) or 1 5 weeks (C) post-surgical recovery. P< 0.05, "P< 0.01 , n=5 mice per group (A, B and D), and n=4 mice per group (C). Error bars 
reflect means + s.e.m. 



being developed as a source of htNSCs to treat or control metabolic 
diseases. In addition to solving cell source issue, we further considered 
that the method of hypothalamic implantation is not practical for human 
application, and knowing that the BBB in the MBH becomes penetrable 
under obesity/diabetic conditions [12,39], we performed an initial study 
to test if NSCs could be delivered via carotid artery to exert an 
therapeutic effect, and the overall findings were supportive. 



Nevertheless, we recognized that the anti-obesity therapeutic effect 
which we obtained was rather short-term, indicating that it is necessary 
to optimize the protocol, perhaps even in combination with other 
approaches, in order to increase the therapeutic efficacy. In light of the 
potential mechanism for the metabolic effects of NSCs therapy, 
we provided data showing that neurogenesis of these cells towards 
POMCergic and GABAergic lineages was at least accountable. On the 
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Figure 6: Neurogenesis in mediating the metabolic effects of NF-icB-inhibited NSC |PS . (A) NSC |PS were treated with indicated neuropeptides, and subjected to differentiation followed by mRNA 
measurement of GABAergic and glutamatergic biomarkers. Native htNSCs under the basal condition were included to provide positive controls. (B-E) ™IkBoi-NSC iPS (kBa lPS ) and Con-NSC lPS 
(Con ips , C) received lentiviral induction of POMC shRNA (POMC sh), GAD67 shRNA (GAD sh) or control scramble shRNA (Con sh), injected in the MBH of HFD-fed mice as illustrated (B), and 
followed up for food intake (C), body weight (D), and GTT (E) at the indicated weeks (C, D) or 3 months (E) post-injection. "P< 0.05, * P< 0.01 , n=A (A) and 5-6 (B-E) per group. Error bars 
reflect means + s.e.m. (F) Proposed model for using NSCs therapy to control obesity and related diseases such as T2D. 



other hand, we also want to point out that many of these NSCs-derived 
cells may represent neuronal precursors rather than mature neurons, 
and it is possible that the observed metabolic effects of NSCs therapy 
were mostly attributed to the secretory factors rather than synaptic 
actions of their derived neural cells. In conclusion, despite many limi- 
tations which remain to be addressed, data which we presented can 
lend a rationale and biotechnological basis for future interest in 
developing NSCs to control obesity and related diseases. 



4. METHODS 

4.1. Lentiviruses and htNSCs 

The cDNAs for DN kBa and control GFP have been described previously 
[11,26,30,49]. Lentiviral vectors containing POMC shRNA, GAD67 shRNA 
or scramble shRNA were obtained from Sigma. Lentiviruses were 
produced by co-transfecting viral vectors with the package plasmids into 
HEK 293 FT cells, as previously described [11,26,49]. Lines of htNSCs 
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were generated according to our protocol described previously [11]. 
Briefly, the hypothalamus was dissected from mice and cut into small 
pieces (~1 mm 3 ), and digested with 0.25% papain (Worthington) for 
30 min at 30 °C and gently triturated approximately 10 times using fire- 
polished tips. The desired cell population was suspended in growth 
medium containing Neurobasal-A (Invitrogen), 2% B27 without vitamin A 
(Invitrogen), 10ng/ml EGF (Sigma) and 10ng/ml bFGF (Invitrogen), 
seeded in ultralow adhesion 6-well plates (Corning) at a density of 
100,000 cells per well and incubated in 5% C0 2 at 37 °C. On day 7, 
neurospheres were collected through low-speed centrifugation, disso- 
ciated into single cells by trypsinization using TrypLE express media, 
and processed for passaging or cryopreservation. Lentivirus-induced 
lines of htNSCs were prepared by subjecting htNSCs in growth medium 
with lentiviruses for 3 days, followed by selection process through 
adding nucleoside antibiotic blasticidin (1 pg/ml) to culture medium. 
Cells transduced with lentiviruses were maintained in blasticidin- 
containing selection growth medium over several passages until gene 
knockdown was stably established. 

4.2. Pluripotent stem cells (iPS) and derived NSCs 

Stemgent l! Mouse Primary iPS Cells-NNeo was purchased from 
STMGENT Company. iPS were maintained in standard embryonic stem 
cell culture conditions. Briefly, irradiated mouse embryonic fibroblast were 
plated at a density of 2.5 x 10 4 cells per cm 2 as feeder cells in gelatin- 
coated 6-well plates, and iPS were maintained on the feeder cells with 
standard embryonic stem cells culture medium containing knock-out 
DMEM, 10% knock-out serum, 2 mM L-Glutamine, 0.1 mM nonessential 
amino acids, 1 mM sodium pyruvate, 0.1 mM p-mercaptoethanol and 
10 ng mr 1 LIF (all from Invitrogen). For embryoid body (EB) formation, 
dissociated iPS cells (via 0.05% trypsin-EDTA solution) were cultured at 
5 x 10 5 cells per ml in the EB formation medium (standard embryonic 
stem cells culture medium without LIF). Following 3 days of EB formation, 
cultured cells were stimulated with 5 liM RA (Sigma) for 7 days with 
culture medium changed every day. At Day 1 1 , EBs were dissociated into 
single cells and transfer to NSC culture medium (the growth medium 
described above). Spheres formed after 2 passages of culture were 
mainly neurospheres, as confirmed by immunostaining of NSC markers, 
and were also examined for multi-potent differentiation into 3 neural cell 
lineages. To generate iPS-derived NSC with stable gene manipulation, 
dissociated neurospheric cells were infected with various lentiviruses 
(containing fluorescent marker GFP), and selected over passages using 
the blasticidin-containing selection medium. Neuropeptide treatment: iPS- 
derived NSCs were cultured in NSC culture medium in the presence of ot- 
MSH (20 ng/ml), CART (20 ng/ml), NPY (20 ng/ml) or BDNF (20 ng/ml) 
either individually or in combination for 7 days, with medium replaced 
every 2 to 3 days. Cells were collected for real-time PCR analysis or 
immunofluorescence microscopy. 

4.3. MBH implantation 

Bilateral injections of mediobasal hypothalamus were performed in adult 
C56BL/6 mice as described previously [26,30,49]. Briefly, under an 
ultra-precise stereotax, cells at the number of 8000 suspended in 0.5 |il 
PBS was injected into each side of the mediobasal hypothalamus via 
guide cannula directed to the coordinates of 0.17 cm posterior to the 
bregma, 0.03 cm lateral to the middle line, and 0.50 cm below the skull 
surface of mice. 

4.4. Carotid artery injection 

C57BL/6 mice were anesthetized and a longitudinal incision is made on 
the right site of the neck. Under a dissecting microscope, the common, 



internal, and external carotid arteries are dissected, and the external 
carotid artery and the proximal part of the common carotid artery were 
clamped by a microclamp. Cell injections were performed by a 
33-gauge microneedle punctured into common carotid artery. For each 
injection, 2 x 10 5 cells suspended in 100-p.l PBS are injected with a 
preserved flow. After cell injection, needle was withdrawn, and a 
pressure in the injection site was maintained until bleeding stopped. 
After surgical procedure, mice were kept in a warm environment until 
recovery. 

4.5. Metabolic phenotyping 

C57BL/6 mice were obtained from Jackson Laboratory, and were 
housed in standard conditions. High-fat diet was obtained from 
Research Diets, Inc. Body weight of individually housed mice was 
measured twice per week and food intake was recorded on daily basis. 
MRI measurement of lean vs. fat mass was performed at the core facility 
at Albert Einstein College of Medicine. For GTT, overnight fasted mice 
were injected with glucose (2 g kg 1 body weight) intraperitoneal^, and 
blood glucose levels at various time points were measured using a 
Glucometer (Bayer). Fasting blood insulin levels were measured using 
serum or plasma samples obtained from mice following 14 to 20 h of 
fasting. All procedures were approved by the Institutional Animal Care 
and Use Committee of Albert Einstein College of Medicine. 

4.6. Immunostaining 

For tissue sections, mice under anesthesia were trans-heart perfused 
with 4% PFA, and the brains were removed, post-fixed in 4% PFA for 
4 h, and infiltrated in 20-30% sucrose. Brain sections (20 pm) were 
made using a cryostat at -20°C. Cultured cells on coverslips were 
fixed with 4% PFA for 10 min at room temperature. For immunostaining 
of culture cells, cells were prepared onto cover slides and fixed with 4% 
PFA. Fixed tissue sections/cells were blocked with serum of appropriate 
species, penetrated with 0.2% Triton-X 100, treated with primary 
antibodies and followed by reaction with Alexa Fluor® 488 or 555 or 
633 secondary antibodies (Invitrogen). Naive IgGs of appropriate species 
were used as negative controls. Primary antibodies included rabbit anti- 
P0MC (Phoenix Pharmaceuticals), mouse anti-GFAP, anti-04, anti-NeuN 
antibodies (Millipore), mouse anti-Sox2 antibody (R&D Systems), sheep 
anti-a-MSH (Millipore), rabbit anti-POMC (Phoenix), rabbit anti-AGRP 
(Phoenix), and rabbit anti-pSTAT3 (Cell Signaling). Rabbit anti-Six3 and 
anti-Vax1 antibodies were kindly provided by Guillermo Oliver and Greg 
Lemke, respectively. DAPI (Vector) staining revealed the nuclei of all 
cells in the slides. Images of immunostaining were captured under a 
con-focal microscope. Cell counting of immunostaining: serial hypotha- 
lamus sections across the MBH were made at the thickness of single 
cell (1 0 p.m), and every 5 sections were represented by one section with 
staining and cell counting. The numbers in representative sections were 
multiplied by 5 to indicate the total numbers. Cell counting in cultured 
cell slides was performed by including at least 4 to 6 random fields per 
slide under microscopy. 

4.7. Quantitative RT-PCR 

Total RNA was extracted using TRIzol (Invitrogen) following the manual. 
cDNA was synthesized using the M-MLV reverse transcriptase 
(Promega). Real-time PCR was performed using the StepOnePlus™ 
Real-Time PCR System and SYBR Green PCR Master Mix (Applied 
Biosystems). Relative gene expression levels were normalized against 
the mRNA level of the house-keeping gene p-actin. 
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4.8. Statistical analyses 

Kolmogorov-Smirnov test was used to determine parametric distribution 
of data sets. ANOVA and appropriate post-hoc analyses were used for 
comparisons involving more than two groups, and two-tailed Student's t 
tests were used for comparisons involving only two groups. Data are 
presented as mean + s.e.m. P<0.05 was considered significant. 
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